Previously, we demonstrated that the proinflammatory cytokine interleukin (IL)-18 is a potent inducer of SMC migration. Since extracellular matrix metalloproteinase inducer (EMMPRIN) stimulates ECM degradation and facilitates cell migration, we investigated whether IL-18 and EMMPRIN regulate each other's expression, whether their cross talk induces SMC migration, and whether the phytoalexin resveratrol inhibits IL-18-EMMPRIN signaling and SMC migration. Our studies demonstrate that 1) IL-18 induces EMMPRIN mRNA and protein expressions and stimulates EMMPRIN secretion from human aortic SMCs; 2) IL-18 stimulates EMMPRIN expression via oxidative stress and phosphatidylinositol 3-kinase (PI3K)-Akt-ERK signaling; 3) IL-18-stimulated SMC migration is significantly blunted by EMMPRIN knockdown, EMMPRIN function-blocking antibodies, or adenoviral transduction of mutant EMMPRIN; 4) conversely, EMMPRIN stimulates IL-18 expression and secretion via PI3K, Akt, and ERK; and 5) resveratrol attenuates IL-18-and EMMPRIN-mediated PI3K, Akt, and ERK activations; blunts IL-18-mediated oxidative stress; blocks IL-18-EMMPRIN cross-regulation; and inhibits SMC migration. Collectively, our results demonstrate that the coexpression and regulation of IL-18 and EMMPRIN in the vessel wall may amplify the inflammatory cascade and promote atherosclerosis and remodeling. Resveratrol, via its antioxidant and anti-inflammatory properties, has the potential to inhibit the progression of atherosclerosis by blocking IL-18 and EMMPRIN cross-regulation and SMC migration. atherogenesis; restenosis; proinflammatory cytokines; signal transduction; extracellular matrix metalloproteinase inducer INFLAMMATION IS A critical mechanism in the development and progression of atherosclerosis (28, 36). Proinflammatory cytokines induce chemokine and adhesion molecule expression, attract activated immune and inflammatory cells to the site of injury and inflammation, and compromise plaque stability by promoting the breakdown of the extracellular matrix via the induction of matrix-degrading metalloproteinases (MMPs) (28, 36) .
atherogenesis; restenosis; proinflammatory cytokines; signal transduction; extracellular matrix metalloproteinase inducer INFLAMMATION IS A critical mechanism in the development and progression of atherosclerosis (28, 36) . Proinflammatory cytokines induce chemokine and adhesion molecule expression, attract activated immune and inflammatory cells to the site of injury and inflammation, and compromise plaque stability by promoting the breakdown of the extracellular matrix via the induction of matrix-degrading metalloproteinases (MMPs) (28, 36) .
Interleukin (IL)-18 is a proatherogenic and proinflammatory cytokine that amplifies the inflammatory cascade by inducing the expression of proinflammatory cytokines, chemokines, and adhesion molecules implicated in atherogenesis (14) . IL-18 has been shown to localize to human atherosclerotic lesions (19, 30) , and levels of circulating IL-18 are reported to predict future cardiovascular events (57) . In fact, when compared with control subjects, patients with acute coronary syndromes were shown to have significantly higher levels of IL-18 and significantly lower levels of IL-18-binding protein (IL-18BP; a natural inhibitor of IL-18) in the serum (32) , suggesting an unopposed enhancement of IL-18 bioactivity. A strong correlation between serum IL-18 levels and carotid intimal-medial thickness has also been demonstrated. More importantly, specific polymorphisms in IL-18 correlate with disease severity (47) . A role for IL-18 has also been demonstrated in animal models of atherosclerosis. The administration of IL-18 aggravates atherosclerosis in mice (53) . In contrast, atherogenesis is reduced in IL-18-deficient apolipoprotein E-null mice (16) , suggesting a causal role for IL-18 in the development and progression of atherosclerosis. Atherosclerosis and restenosis following percutaneous intervention are characterized by smooth muscle cell (SMC) proliferation and migration (29) . In fact, we have recently demonstrated that IL-18 treatment stimulates SMC migration in vitro (7) .
SMC migration follows ECM degradation, a process regulated by various MMPs. Extracellular MMP inducer (EMMPRIN), also known as basigin or CD147, is a highly glycosylated 58-kDa transmembrane protein that has been shown to induce MMP expression, ECM degradation, and plaque instability (4) . EMMPRIN expression was originally identified in a number of tumors, where it was shown to activate diverse signal transduction pathways in peritumoral cells by transcellular homophilic EMMPRIN-EMMPRIN interaction (44) . This interaction results in the induction of MMP-1, MMP-2, MMP-3, MMP-9, and membrane type 1 and type 2 MMPs (MT 1 -MMP and MT 2 -MMP) in stromal cells, proteolysis of matrix components, and tumor cell metastasis. EMMPRIN also regulates MMP expression during development and tissue remodeling under physiological conditions, as emphasized in EMMPRIN null mice, where diverse developmental defects, including small size, infertility, and blindness, are observed (23, 25) .
EMMPRIN expression is also increased during injury and inflammation and is upregulated during atherosclerosis. Whereas normal vessels have low to undetectable levels of EMMPRIN, human coronary artery atherectomy specimens show increased EMMPRIN expression, localized predominantly to CD68-positive macrophage-rich atherosclerotic intima, and ␣-SMC-positive SMCs (37, 58) . Because SMC migration and proliferation play critical roles in the initiation and progression of atheroma development and arteriosclerosis and since EMMPRIN stimulates ECM degradation and facili-tates cell migration, we hypothesized that IL-18 induces SMC migration via EMMPRIN.
Resveratrol (trans-3,4Ј,5-trihydroxystilbene), a naturally occurring phytoalexin found largely in the skins of red grapes and other fruits, has been shown to exert both vascular and cardioprotective effects and is a potent antioxidant, anti-inflammatory, and antiproliferative agent (13) . As an antioxidant, the stilbene derivative enhances intracellular glutathione levels, suppresses reactive oxygen species (ROS) generation, and protects low-density lipoproteins from oxidation (3, 27, 42) . As an anti-inflammatory agent, resveratrol prevents platelet aggregation, blocks cyclooxygenase-2 activation and cyclooxygenase-2-dependent PGE 2 synthesis, and inhibits the expression of proinflammatory cytokines such as IL-6 and IL-8 (12, 15, 52, 62) . By suppressing adhesion molecule expression, it inhibits the infiltration of activated inflammatory and immune cells. As an anti-proliferative agent, resveratrol inhibits SMC proliferation (1). Since both IL-18 and EMMPRIN are expressed in atherosclerotic lesions and play critical roles in lesion development and progression (19, 30, 37, 58) , we investigated whether resveratrol can block IL-18-EMMPRIN cross talk and inhibit SMC migration. Our results demonstrate that IL-18 and EMMPRIN regulate each other's expression in SMCs via PI3K, Akt, and ERK-dependent signaling; IL-18 mediates SMC migration in part via EMMPRIN; and resveratrol can block IL-18/EMMPRIN cross-regulation, and SMC migration.
MATERIALS AND METHODS

Materials.
Recombinant human (rh)IL-18, IL-18-neutralizing antibodies (␣-IL-18Ab, D044-3; 10 g/ml for 1 h), normal mouse IgG1 (MAB002), IL-18 antibodies used in immunoblotting (D043-3), IL18BPa:fragment crystallizable region (Fc) chimera (119-BP-100; 10 g/ml for 1 h), and Fc and rhEMMPRIN (No. 972-EMN-050) were purchased from R&D Systems (Minneapolis, MN). The efficacy of IL-18BPa:Fc for blocking IL-18-mediated gene regulation has been previously demonstrated both in vivo and in vitro (9, 40) . Mouse anti-human EMMPRIN function-blocking antibodies (UM-8D6, No. 373-020) were from Ancell (Bayport, MN). The efficacy of these antibodies has been previously demonstrated (21, 37 Cell culture. Human aortic SMCs (No. CRL-1999) were purchased from ATCC and grown as previously described in Ham's-F12 medium supplemented with 10% (vol/vol) FBS and endothelial cell growth supplement (0.03 mg/ml) (33) . At 70 -80% confluency, the complete medium was replaced with Ham's-F12/0.5% BSA. After 24 h, SMCs were incubated with IL-18 (10 ng/ml) or EMMPRIN for the indicated time periods. At the end of the experimental period, the culture supernatants were collected into slick tubes and snap frozen. Cells were harvested, snap frozen, and stored at Ϫ80°C. In studies involving resveratrol, SMCs were treated with resveratrol at the indicated concentrations for 1 h before the addition of IL-18 or EMMPRIN.
Adenoviral transduction and small interfering RNA-mediated knockdown. Adenoviral vectors for dominant negative (dn)PI3Kp85 (Ad.dnPI3K), dnAkt (Ad.dnAkt), dnJNK1 (Ad.dnJNK), green fluorescent protein (Ad.GFP), mutant EMMPRIN (Ad.mEMMPRIN), and empty vector have been previously described (35, 41, 56) . SMCs were grown to 60 -70% confluency in complete medium. The medium was replaced with PBS, and the cells were infected at 100 multiplicity of infection for 1 h at 22°C. The infection medium was replaced with medium containing 0.5% BSA. After 24 h, the cells were treated with rhIL-18. The transfection efficiency with adenoviral vectors was nearly 100%, as evidenced by the expression of GFP in SMCs infected with Ad.GFP (data not shown). An infection with the adenoviral vectors had no affect on SMC viability or their adherence to the culture dishes.
Detection of intracellular ROS. Intracellular ROS levels were determined as previously described (11, 51) using the cell-permeable, redox-sensitive fluorophore DCFH-DA. Following entry into the cells, it is converted to DCF by intracellular esterases and then to highly fluorescent DCF by ROS. SMCs were plated into clear-bottom, black-walled 96-well plates (Corning, Corning, NY) at 1,500 cells/ well. SMCs were loaded for 20 min with 10 M DCFH-DA in buffer containing (in mM) 137 NaCl, 1.2 MgSO 4, 4.9 KCl, 1.2 NaH2PO4, 20 HEPES, 15 glucose, and 1.8 CaCl2 (pH 7.4); washed; treated with IL-18 (10 ng/ml); and read in a microplate fluorometer/luminometer with 485/20 excitation and 528/20 emission filters (FLx800i, Bio-Tek Instruments, Winooski, VT). DCF fluorescence was monitored for 15 min, stored on a microcomputer, and analyzed using KC 4 software (Bio-Tek). The plates were then frozen at Ϫ80°C for 2 h and thawed and stained with the nucleic acid-sensitive CyQuant GR dye according to the manufacturer's protocol (Molecular Probes). This allowed the normalization of ROS generation rates to DNA content. The DCF fluorescence was normalized to CyQuant fluorescence, the ratio obtained in untreated samples was considered as 1, and the data were presented as fold increase from untreated samples.
Phosphatidylinositol 3-kinase. PI3K activity was determined essentially as described previously (26) , using a commercially available PI3K ELISA kit (Echelon Biosciences, Salt Lake City, UT). Quiescent SMCs were transduced with Ad.dnPI3K before the addition of IL-18 (10 ng/ml for 1 h), washed in ice-cold PBS, and lysed in 500 l ice-cold lysis buffer containing 137 mM NaCl, 20 mM Tris ⅐ HCl (pH 7.4), 1 mM CaCl2, 1 mM MgCl2, 0.1 mM sodium orthovanadate, 1% Nonidet P-40, and 1 mM PMSF. PI3K was immunoprecipitated with 5 l of anti-p85 antibody and 60 l of protein A-Sepharose beads (Amersham Pharmacia). PI3K activity in the immunoprecipitates was assayed by PI3K ELISA according to the manufacturer's instructions. Briefly, immunoprecipitated enzyme and phosphatidylinositol 4,5-bisphosphate substrate were incubated for 1 h at room temperature in the reaction buffer. Kinase reactions were stopped by pelleting the beads by centrifugation and transferring the reaction mixture to the incubation plate and incubated overnight at 4°C with a phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3] detector protein and then added to the PI(3,4,5)P3-coated microplate for 1 h for competitive binding. A peroxidase-linked secondary detection reagent and colorimetric detection (absorbance was measured at 450 nm) is used to detect PI(3,4,5)P3 detector protein binding to the plate. The colorimetric signal is inversely proportional to the amount PI(3,4,5)P3 produced by PI3K. The expression levels of the PI3K component p85␣ were detected by immunoblotting using pelleted beads.
Akt/protein kinase B. Total and phospho-Akt levels in whole cell homogenates were analyzed by immunoblotting. The immunoreactive bands were detected by enhanced chemiluminescence (ECL Plus; GE Healthcare) and quantified by densitometry. Akt kinase activity was analyzed using a commercially available colorimetric assay kit (Cell Signaling Technology). The assay is based on Akt-induced phosphorylation of glycogen synthase kinase-3 (35) .
Extracellular signal-regulated kinase. ERK and phospho-ERK levels in whole cell homogenates were analyzed by immunoblotting. ERK enzyme activity was analyzed in whole cell homogenates using an immunecomplex kinase assay (p44/42 MAP Kinase Assay Kit; Cell Signaling Technology) (50) . In brief, SMCs were treated with IL-18 for 1 h and then harvested and lysed in 1ϫ lysis buffer provided by the manufacturer. The protein content in the lysates was determined by the Bradford method, and 200 g of cleared cell lysate were incubated with 15 l of immobilized phospho-p44/42 MAPK (Thr 202 / Tyr 204 ) monoclonal antibody with gentle rocking at 4°C for 12 h. Immunecomplexes were collected by centrifugation at 8,000 g for 30 s and washed once with lysis buffer and twice with the kinase buffer containing (in mM) 25 Tris (pH 7.5), 5 glycerophosphate, 2 dithiothreitol, 0.1 Na 3VO4, and 10 MgCl2. The complex was then incubated with 50 l of kinase buffer containing 200 M ATP and 2 g of E-26-like protein-1 (Elk-1) fusion protein at 30°C for 30 min. The reaction was terminated by adding 12.5 l of 5ϫ SDS sample buffer. Samples were separated by 10% SDS-PAGE, transferred to PVDF membrane, and probed overnight with phosphospecific anti-Elk-1 (Ser 383 ) antibodies diluted in 2% nonfat dry milk in Tris-buffered saline containing 0.05% Tween 20, followed by horseradish peroxidase-conjugated secondary antibodies for 1 h. Blots were developed in chemiluminescent substrate (SuperSignal Pico West; Pierce), supplemented with 5% SuperSignal Femto (Pierce), and exposed to film. Actin or ␣-tubulin served as a loading control.
IL-18 and EMMPRIN expression. IL-18 and EMMPRIN mRNA expression was analyzed by reverse transcription followed by real-time quantitative PCR (RT-qPCR) as previously described (50) . In brief, DNA-free total RNA was prepared using the RNAqueous-4PCR kit (Applied Biosystems/Ambion, Austin, TX). RNA quality was assessed by capillary electrophoresis using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). All RNA samples used for qPCR had RNA integrity numbers Ͼ9 (scale ϭ 1-10), as assigned by default parameters of the Expert 2100 Bioanalyzer software package (v. 2.02). IL-18 and EMMPRIN mRNA expressions were analyzed by RT-qPCR using SYBR Green as the detection fluorophore and the following primers: IL-18: sense, 5Ј-TTCGGGAAGAGGAAAGGAAC-3Ј, and antisense: 5Ј-AAGGATACAAAAAGTGACAT-3Ј; and EMMPRIN: sense, 5Ј-TTCAGCCTCTGGGTCTGAGT-3Ј, and antisense, 5Ј-GCCAAGAGGTCAGAGTCGTC-3Ј. Actin mRNA, which served as the internal reference control, was amplified using the following primers: sense, 5Ј-TCCTTCCTGGGCATGGAG-3Ј, and antisense 5Ј-AGGAG-GAGCAATGATCTTGATCTT-3Ј. Samples analyzed without the RT step served as negative controls and gave no signal. Each sample was tested in triplicate. The results are expressed as a ratio of a specific gene to that of a corresponding actin mRNA expression. The expression of IL-18 or EMMPRIN in untreated cells was taken as 1, and their expression levels following treatment were presented as the fold induction from untreated samples.
IL-18 and EMMPRIN mRNA abundance was confirmed by Northern blot analysis, using cDNAs amplified from total RNA isolated from SMCs and the following primer pairs: IL-18: sense, 5Ј-GCTTC-CTCTCGCAACAAAC-3Ј, and antisense, 5Ј-CACTTCACAGAGAT-AGTTACAGCC-3Ј; and EMMPRIN: sense, 5Ј-GTTCGTGCTGCTGG-GATTCGCGCTG-3Ј, and antisense, 5Ј-CAGCGCGAATCCCAGCAG-CACGAAC-3Ј. Actin, sense, 5Ј-ATCTGGCACCACACCTTCT-ACAATGAGCTGCG-3Ј, and antisense, 5Ј-CGTCATACTCCTGCTT-GCTGATCCACATCTGC-3Ј served as an internal control. Twenty-five micrograms of total RNA per lane were denatured, separated by agarose electrophoresis, transferred onto nitrocellulose membrane, UV crosslinked, and probed with 32 P-labeled cDNA probes. The autoradiographic signals were semiquantified by videoimage analysis.
IL-18 protein levels in culture supernatants were quantified by ELISA (human IL-18 ELISA, No. 7620). The sensitivity of the assay is 12.5 pg/ml. EMMPRIN protein levels were analyzed by immunoblotting. The soluble EMMPRIN levels in culture supernatants were quantified by an ELISA and have been previously described (39) . In brief, 96-well plates (Immulon No. 2; Dynatech, Chantilly, VA) were coated overnight at 22°C with 1 g/ml goat anti-human EMMPRIN (R&D Systems). After being washed in PBS ϩ 0.05% Tween-20 (wash buffer), the plate was blocked by PBS containing (in %) 1 BSA, 5 sucrose, and 0.05 NaN 3 (at 22°C for 1 h). rhEMMPRIN was used to generate a standard curve. All assays were performed in duplicate, and the mean values were used.
Cell migration. SMC migration was quantified as previously described (7) using BD BioCoat Matrigel invasion chambers (BD Biosciences Discovery Labware, No. 354481) and 8.0-m pore polyethylene terephthalate membranes with a thin layer of Matrigel basement membrane matrix. Cultured SMCs were trypsinized and suspended in conditioned medium, and 1 ml containing 2.0 ϫ 10 5 cells/ml was layered on the coated insert filters. The cells were stimulated with IL-18 (10 ng/ml). The medium in the lower chamber also contained IL-18 at identical concentrations. After incubation at 37°C for 12 h, the membranes were removed and washed with PBS, and the noninvading cells on the upper surface were removed with a cotton swab. The cells migrating to the lower surface of the membrane were quantified using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenoltetrazolium bromide assay. To determine the role of EMMPRIN in IL-18-mediated SMC migration, EMMPRIN was targeted by RNA interference [human EMMPRIN small interfering (si)RNA: sense, 5Ј-GUACAAGAUCACUGACUCUUU-3Ј and antisense, 5Ј-AGAGUCAGUGAUCUUGUACUU-3Ј]. SMCs were treated with EMMPRIN siRNA for 48 h before the addition of IL-18. The knockdown of EMMPRIN was confirmed by RT-PCR. The expression of actin served as a loading control. Neither the control siRNA nor the siRNA against GFP affected the expression of EMMPRIN or actin, demonstrating the specificity of the siRNA used and ruling out the off-target effects. EMMPRIN was also targeted using function-blocking antibodies. Normal IgG served as a control. In addition, Ad.mEMMPRIN was also used to target EMMPRIN signaling. An infection with empty virus served as control. To demonstrate that resveratrol blocks IL-18-mediated SMC migration, SMCs were treated with resveratrol (25 M in DMSO for 1 h) before the addition of IL-18 or EMMPRIN. DMSO served as a vehicle control.
Statistical analysis. Comparisons between controls and various treatments were performed by analysis of variance with post hoc Dunnett's t-tests. All assays were performed at least three times, and the error bars in the figures indicate means Ϯ SE.
RESULTS
IL-18 stimulated SMC migration is EMMPRIN dependent.
We and others (7, 14, 16, 19, 30, 32, 47, 53, 57) have previously demonstrated that the proinflammatory cytokine IL-18 plays a critical role in atherosclerosis in vivo and stimulates SMC migration in vitro. We have also demonstrated that IL-18-induced SMC migration is mediated in part via MMP-9 induction (7). EMMPRIN is a multifunctional glycosylated transmembrane protein that has been shown to induce MMP enzymes, including MMP-9 (4). Therefore, we investi- gated whether IL-18 stimulates SMC migration in an EMMPRIN-dependent manner. Confirming our earlier results (7), treatment with IL-18 stimulated SMC migration (Fig. 1A) , an effect that was significantly inhibited by preincubating cells with IL-18-neutralizing antibodies or IL-18BP-Fc chimera. Normal IgG and the Fc, used as respective controls, did not inhibit IL-18-mediated SMC migration (Fig. 1A) . We next examined the role of EMMPRIN in IL-18-induced SMC migration. EMMPRIN expression was targeted by three different approaches: function-blocking antibodies, siRNA-mediated knockdown, and transduction of an adenoviral vector expressing an inhibitory mutant of EMMPRIN (Ad.mEMMPRIN). Our results demonstrate that pretreatment with the functionblocking antibodies, siRNA-mediated knockdown (knockdown of EMMPRIN was confirmed by RT-PCR; Fig. 1B, right) , and expression of mutant EMMPRIN all significantly inhibited IL-18-mediated SMC migration (Fig. 1B) . Normal IgG, an irrelevant siRNA, GFP-specific siRNA, and adenoviral transduction of empty vector, all serving as respective controls, had no effect. Together, these results indicate that IL-18 is a potent inducer of SMC migration and mediates SMC migration in part via EMMPRIN (Fig. 1) .
IL-18 induces EMMPRIN expression in SMCs.
Having demonstrated a requirement for EMMPRIN in IL-18-stimulated SMC migration, we next investigated whether IL-18 can induce EMMPRIN expression in these cells. Quiescent SMCs were treated with rhIL-18 (10 ng/ml for 24 h), and EMMPRIN expression was quantified by RT-qPCR, Northern blot analysis, and immunoblotting. IL-18 stimulated EMMPRIN expression in SMCs in a time-dependent manner, with a maximal induction observed at 24 h (Fig. 2A) . Even at 72 h, EMMPRIN expression remained high. The specificity of the response for IL-18 was investigated next. SMCs were incubated with IL-18-neutralizing antibodies or IL-18BP-Fc chimera before the addition of IL-18. EMMPRIN mRNA expression was analyzed at 24 h. The results in Fig. 2B show that the pretreatment with neutralizing antibodies and IL-18BP-Fc significantly attenuated IL-18-mediated EMMPRIN induction. In support of the RT-qPCR data, Northern blot analysis demonstrated IL-18-mediated EMMPRIN mRNA expression at 24 h in SMCs, an effect that was significantly attenuated by IL-18-neutralizing antibodies and IL-18BP-Fc chimera (Fig. 2C) . Normal IgG and Fc served as respective controls and failed to modulate IL-18-mediated EMMPRIN induction. Furthermore, our results also demonstrate that IL-18 stimulates EMMPRIN protein expression (Fig. 2D) and secretion (Fig. 2E) , indicating that IL-18 is a potent inducer of EMMPRIN expression in SMCs (Fig. 2) .
IL-18 stimulates PI3K-dependent Akt activation in SMCs. The PI3K family of lipid kinases regulates various cellular processes, including cell survival, growth, and migration, via the activation of diverse second messenger molecules, including Akt (5) . We have previously demonstrated that IL-18 stimulates fibronectin in primary cardiac fibroblasts via PI3K/ Akt signaling (35) . Therefore, in the present study, we investigated whether IL-18 similarly stimulates EMMPRIN expression via PI3K and Akt. The results in Fig. 3A show that IL-18 induces a significant activation of PI3K in SMCs ( Fig. 3A; ϳ2.1-fold, P Ͻ 0.001 vs. untreated). Furthermore, IL-18 induced Akt phosphorylation (Fig. 3B ) and stimulated its kinase activity (Fig. 3C) , effects that were significantly attenuated by the adenoviral transduction of dnAkt (Fig. 3D) and by SH-5, a pharmacological Akt inhibitor (Fig. 3E) , but not by the respective controls, Ad.GFP, or DMSO. Moreover, the adenoviral transduction of dnPI3Kp85 inhibited IL-18-mediated Akt phosphorylation (Fig. 3F) , indicating that IL-18 is a potent inducer of PI3K and Akt activities in SMCs, and stimulates Akt activation in a PI3K-dependent manner (Fig. 3) .
IL-18 stimulates ERK activation via PI3K and Akt. IL-18 is known to activate various stress-regulated kinases, including ERK. Therefore, we investigated whether IL-18 stimulates EMMPRIN expression via ERK. IL-18 stimulated ERK phosphorylation in a time-dependent manner (Fig. 4A) . Whereas low levels of phospho-ERK were detectable under basal conditions, the treatment with IL-18 increased ERK phosphorylation at 15 min and reached peak levels around 30 min. However, the total ERK levels remained steady throughout the 2-h study period. Furthermore, IL-18 stimulated ERK activity (Fig.  4B) , an effect that was significantly attenuated by the pretreatment with the pharmacological inhibitor PD-98059 (Fig. 4C) . Moreover, the adenoviral transduction of dnAkt (Fig. 4D) and dnPI3Kp85 (Fig. 4E) significantly attenuated the IL-18-stimulated ERK activity. Importantly, RT-qPCR revealed that the inhibition of PI3K, Akt, and ERK blunted IL-18-mediated EMMPRIN mRNA expression (Fig. 4F) . These results were confirmed by Northern blot analysis (Fig. 4, G-I ). In contrast, the adenoviral transduction of dnJNK failed to modulate IL-18-mediated EMMPRIN expression (Fig. 4F) , and the inhibition of PI3K, Akt, and ERK failed to induce cell death (data not shown). Together, these results indicate that IL-18 induces EMMPRIN expression in SMCs via PI3K, Akt, and ERKdependent signaling (Fig. 4) .
Resveratrol blocks IL-18-mediated PI3K-Akt-ERK-dependent EMMPRIN expression and SMC migration.
Resveratrol, a polyphenolic compound from grapes and red wine, exerts potent anti-inflammatory and anti-atherogenic effects (1, 3, 12,  13, 15, 27, 42, 52, 62) . Therefore, we investigated whether resveratrol blocks IL-18 signaling, IL-18-mediated EMMPRIN induction, and EMMPRIN-dependent SMC migration. The results in Fig. 5A show that treatment with resveratrol blocks IL-18-mediated PI3K activity. The solvent control DMSO, on the other hand, had no effect on either basal or IL-18-mediated PI3K activation (Fig. 5A) . Similarly, treatment with resveratrol attenuated IL-18-mediated Akt kinase activity (Fig. 5B) , ERK activity (Fig. 5C ), EMMPRIN mRNA expression (Fig. 5D , RT-qPCR; Fig. 5E , Northern blot analysis), and SMC migration (Fig. 5F ). Together, these results demonstrate that resveratrol blocks IL-18 signaling, EMMPRIN induction, and SMC migration (Fig. 5) .
Resveratrol blunts IL-18-mediated ROS generation. Since IL-18 enhances oxidative stress (55) and since resveratrol exerts potent antioxidant effects (13, 27), we investigated whether resveratrol blunts IL-18-mediated ROS generation and determined whether IL-18-mediated EMMPRIN expression is redox sensitive. The generation of ROS was analyzed by the Fig. 4 . IL-18 stimulates EMMPRIN expression via PI3K-Akt-ERK signaling. A: IL-18 induces ERK activation. Quiescent SMCs were incubated with IL-18 (10 ng/ml) for up to 2 h. Cleared cell lysates were immunoblotted with pERK or ERK antibodies (n ϭ 3 experiments). B: IL-18 stimulates ERK activity. Quiescent SMC treated as in A were analyzed for ERK activity using immunecomplex kinase assays. E-26-like protein (Elk) served as a substrate (n ϭ 3 experiments). ␣-Tubulin served as a control. C: PD-98059 blocks IL-18-mediated ERK activity. Quiescent SMCs treated with PD-98059 (10 M in DMSO for 1 h) before IL-18 addition were analyzed for ERK activity as described in B (n ϭ 3 experiments). D: adenoviral transduction of dnAkt inhibits IL-18-mediated ERK activity. SMCs transduced with Ad.dnAkt (100 MOI for 24 h) and then treated with IL-18 (10 ng/ml for 1 h) were analyzed for ERK activity as described in B (n ϭ 3 experiments). E: adenoviral transduction of dnPI3Kp85 inhibits IL-18-mediated ERK activity. SMCs transduced with Ad.dnPI3Kp85 (100 MOI for 24 h) and then treated with IL-18 (10 ng/ml for 1 h) were analyzed for ERK activity as described in B (n ϭ 3 experiments). F: IL-18 induces EMMPRIN mRNA expression via PI3K, Akt, and ERK, but not via JNK. SMCs were transduced with Ad.dnPI3K, dnAkt, or dnJNK or treated with PD-98059 before IL-18 addition (10 ng/ml for 24 h). EMMPRIN mRNA expression was analyzed by RT-quantitative (q)PCR (F; n ϭ 6 experiments) or Northern blot analysis (G, H, and I; n ϭ 3 experiments). *P Ͻ 0.001 vs. untreated; †P Ͻ at least 0.05 vs. IL-18.
conversion of DCFH-DA to highly fluorescent DCF. The results in Fig. 6A show that indeed the treatment with IL-18 induced a rapid increase in ROS generation, as evidenced by a significant increase in DCF fluorescence at 1 min. The fluorescence intensity increased further and appeared to reach a plateau at 5 min (Fig. 6A) . Confirming its antioxidant properties, the treatment with resveratrol blunted IL-18-mediated ROS generation. The NADPH oxidase inhibitor DPI (10 M) also inhibited IL-18-mediated ROS generation (Fig. 6B) and partially attenuated IL-18-mediated EMMPRIN expression (Fig. 6C) . Together, these results indicate that IL-18 induces EMMPRIN expression in part via a ROS-sensitive mechanism that can be inhibited by both resveratrol and DPI (Fig. 6) .
EMMPRIN stimulates IL-18 expression in SMC. EMMPRIN is also found in a soluble secreted form and therefore can act in a paracrine manner. Soluble EMMPRIN has been shown to stimulate VEGF expression in cancer cells via PI3K-Akt activation (45) and stimulates proinflammatory cytokine expression in monocytes (37) , suggesting that in addition to MMP induction, EMMPRIN can also act as a proinflammatory molecule. Therefore, we investigated whether EMMPRIN stimulates IL-18 expression in SMCs. Using both RT-qPCR and Northern blot analysis, we observed that the treatment with EMMPRIN for 24 h induces IL-18 mRNA expression in SMCs in a dose-dependent manner, with peak levels detected at 5 g/ml (RT-qPCR, Fig. 7A ; and Northern blot analysis, Fig. 7B ) and with no further increase at 10 g/ml. Therefore, in all subsequent experiments, EMMPRIN was used at 5 g/ml. At these concentrations, EMMPRIN had no affect on SMC viability for up to 48 h (data not shown). Time-course experiments revealed the peak IL-18 mRNA expression at 12 h following EMMPRIN treatment (Fig. 7C) . The specificity of the EMMPRIN effects was verified by the incubation of the cells with functionblocking antibodies or by adenoviral transduction of mutant EMMPRIN. The results in Fig. 7D show that both the functionblocking antibodies and mutant EMMPRIN expression significantly attenuated EMMPRIN-mediated IL-18 mRNA expression. Similarly, EMMPRIN-induced IL-18 protein expression (Fig. 7E ) and the treatment with function-blocking antibodies significantly attenuated both EMMPRIN-mediated IL-18 protein expression (Fig. 7F) and secretion (Fig. 7G) , suggesting that EMMPRIN induces IL-18 expression in SMCs (Fig. 7) .
EMMPRIN stimulates IL-18 expression in SMCs via PI3K, Akt, and ERK.
We have demonstrated that EMMPRIN stimulates IL-18 expression in SMCs (Fig. 7) . We next investigated the underlying signaling mechanisms involved in EMMPRINmediated IL-18 expression. SMCs were treated with soluble EMMPRIN for 1 h, and the activation of PI3K, Akt, and ERK was analyzed as described in MATERIALS AND METHODS. EMMPRIN potently activated PI3K activity in SMCs (Fig. 8A) , an effect that was significantly attenuated by the incubation with functionblocking antibodies or by the adenoviral transduction of mutant EMMPRIN. Similarly, both the function-blocking antibodies and adenoviral transduction of mutant EMMPRIN significantly attenuated EMMPRIN-mediated Akt phosphorylation (Fig.  8B ) and ERK activity (Fig. 8C) . Furthermore, whereas the adenoviral transduction of dnPI3K attenuated EMMPRINmediated PI3K activities (Fig. 8D ) and Akt phosphorylation (Fig. 8E) , the adenoviral transduction of dnAkt inhibited EMMPRIN-mediated Akt phosphorylation (Fig. 8E ) and ERK activity (Fig. 8F) . Importantly, the adenoviral transduction of dnPI3K and dnAkt, as well as the treatment with PD-98059, attenuated EMMPRIN-mediated IL-18 secretion (Fig. 8G) , indicating that EMMPRIN stimulates IL-18 expression in SMCs via activations of PI3K, Akt, and ERK (Fig. 8) .
Resveratrol blocks EMMPRIN-mediated IL-18 expression and SMC migration. Since resveratrol exerts anti-inflammatory and antiatherogenic effects (1, 3, 12, 13, 15, 27, 42, 52, 62) , we next investigated whether resveratrol blocks EMMPRIN-mediated IL-18 induction. Confirming our earlier results (Fig. 7, A   Fig. 7 . EMMPRIN stimulates IL-18 expression in SMCs. A and B: EMMPRIN stimulates IL-18 expression in a dose-dependent manner. Quiescent SMCs were treated with rhEMMPRIN at the indicated concentrations for 24 h. IL-18 mRNA expression was analyzed by RT-qPCR (A, n ϭ 6 experiments) and confirmed by Northern blot analysis (B, n ϭ 3 experiments). Actin served as an internal control. *P Ͻ 0.05 and **P Ͻ 0.01 vs. untreated (n ϭ 6 experiments). C: EMMPRIN induces IL-18 expression in a time-dependent manner. Quiescent SMCs were treated with EMMPRIN (5 mg/ml). At the indicated time periods, IL-18 mRNA expression was analyzed by RT-qPCR (n ϭ 6 experiments). *P Ͻ at least 0.05 vs. control at 12 h. D: targeting EMMPRIN attenuates IL-18 mRNA expression. SMCs were incubated with EMMPRIN function-blocking antibodies (5 g/ml for 1 h) or transduced with Ad.mEMMPRIN (100 MOI for 48 h) before EMMPRIN addition (5 g/ml for 24 h). Normal mouse IgG and empty virus at similar concentrations served as respective controls. IL-18 mRNA expression was analyzed by RT-qPCR. Actin served as a control. *P Ͻ 0.001 vs. untreated; †P Ͻ 0.01 vs. EMMPRIN (n ϭ 6 experiments). E: EMMPRIN induces IL-18 protein expression. Quiescent SMCs were treated with EMMPRIN (5 g/ml for 24 h). Cleared cell lysates were analyzed for IL-18 protein expression by immunoblotting using antibodies against mature IL-18 (n ϭ 3 experiments). ␣-Tubulin served as a loading control. F and G: targeting EMMPRIN attenuates IL-18 protein expression (F) and secretion (G). SMCs treated as in C, but for 24 h, were analyzed for IL-18 protein expression by immunoblotting (F, n ϭ 3 experiments) and secretion by ELISA (G). *P Ͻ 0.01 vs. untreated; †P Ͻ 0.01 vs. EMMPRIN ϩ control IgG (n ϭ 6 experiments).
and B), both RT-qPCR (Fig. 9A) and Northern blot analysis (Fig. 9B) revealed that EMMPRIN stimulates IL-18 mRNA expression in SMCs, an effect that was significantly attenuated by resveratrol, but not by its solvent control DMSO. Similarly, resveratrol blocked the EMMPRIN-stimulated increase in intracellular (Fig. 9C) and secreted (Fig. 9D ) IL-18 protein and SMC migration (Fig. 9E) , indicating that resveratrol can also block EMMPRIN-mediated IL-18 induction and SMC migration (Fig. 9) .
DISCUSSION
Here we show for the first time that the proinflammatory cytokine IL-18 and the surface glycoprotein EMMPRIN regulate each other's expression in SMCs via a signal transduction pathway involving activations of PI3K, Akt, and ERK. Furthermore, our results also demonstrate that IL-18 stimulates ROS generation and induces EMMPRIN expression in part via a redox-sensitive pathway. Importantly, the phytoalexin resveratrol can inhibit IL-18-mediated oxidative stress; attenuate IL-18-and EMMPRIN-dependent activations of PI3K, Akt, and ERK; block IL-18/EMMPRIN cross-regulation; and blunt SMC migration (Fig. 9F) . Since SMC migration is a critical mechanism in the development and progression of atherosclerotic vascular disease, and vascular remodeling following angioplasty, our results suggest a potential therapeutic role for resveratrol in these chronic inflammatory diseases.
Inflammation plays a critical role in all aspects of atherosclerotic lesion development and progression (28, 36) . Atherosclerosis is characterized by an intimal accumulation of macrophages, immune cells, lipids, ECM components, and SMC proliferation and migration (28, 36) . As the lesion progresses, the lumen narrows, and the resultant arteriosclerosis may lead to myocardial infarction. Restenosis that can occur after a percutaneous intervention or stent deployment may be considered as an overreaction of the wound-healing response after vascular injury and is also characterized by inflammation, ECM remodeling, and SMC proliferation and migration (17) . Thus SMC proliferation and migration are critical events in both atherosclerosis and restenosis. Various proinflammatory cytokines stimulate SMC proliferation and migration. We have previously reported that IL-18 potently induces SMC migration in part via MMP-9 induction (7). The results from the present study demonstrate that IL-18 also induces EMMPRIN expression in SMCs and stimulates SMC migration in part via EMMPRIN, an MMP-9 inducer.
EMMPRIN is a potent inducer of various MMPs. MMP activities are a common denominator in the structural remodeling of tissues under both physiological and pathological conditions. MMP-2, MMP-9, and MT 1 -MMP in particular, are associated with vascular remodeling (34) . MMP-1, MMP-2, and MMP-9 are also expressed in human atherosclerotic lesions, particularly in those enriched with macrophages and foam cells (58) . Active MMPs contribute to matrix degradation, remodeling, weakening of atherosclerotic lesions, and rupture of vulnerable plaques. In addition to inducing MMP-1, EMMPRIN has also been shown to form a complex with MMP-1 at the tumor cell surface, and this complex may modify the tumor cell pericellular matrix and promote tumor cell invasion (20) . Whether such a phenomenon occurs in atherosclerosis and whether EMMPRIN forms complexes with other MMPs in SMCs are not known. We have previously demonstrated that IL-18 induces SMC migration in part via MMP-9 (7). Since EMMPRIN also induces MMP-9 expression (37, 38) and as IL-18 and EMMPRIN regulate each other's expression in SMC, we hypothesize that IL-18-EMMPRIN signaling may be an important contributing factor in atherosclerosis and restenosis.
The results of our studies indicate that IL-18 and EMMPRIN regulate each other's expression in SMCs via a PI3K-Akt-ERK signaling pathway. Although we did not investigate the proximal events that led to PI3K activation, we have in previous studies shown that CXC chemokine ligand-16 expression in SMC (8) , fibronectin expression in cardiac fibroblasts (35) , and various proapoptotic genes in cardiac endothelial cells (10) are all induced by IL-18 through a myeloid differentiation factor-88/ IL-1 receptor-associated kinase/TNF receptor-associated factor-6-dependent PI3K activation pathway. Therefore, we believe that a similar signal transduction pathway may be responsible for IL-18-mediated PI3K activation and EMMPRIN induction in SMCs.
The upstream signaling events involved in EMMPRIN-mediated PI3K activation on the other hand are not known, and studies are needed to elucidate how EMMPRIN signaling complex upstream of PI3K is organized.
In the present investigation, we used IL-18 and soluble EMMPRIN at a relatively high concentration. We chose these concentrations based on previously published reports. We and others (6 -8, 10, 54, 59 ) have previously used IL-18 between 100 -500 ng/ml in vitro. Though the systemic levels of IL-18 varied between 200 -1,000 pg/ml during various disease conditions (43, 60) , it is highly possible, but technically difficult, to quantify IL-18 levels in intracellular and intercellular spaces, which we assume to be high. Therefore, serum/plasma levels may not truly reflect IL-18 levels in intra-or intercellular spaces. Furthermore, the dissociation constant (K d ) for IL-18 has been shown to be 18.5 nM (49), suggesting that even at 100 ng/ml, IL-18 will bind only 23% of the receptors and will not saturate all the receptors. It is also possible that IL-18 may act in concert with other cytokines/chemokines in vivo in exerting its biological effects. Pilot studies in our laboratory indicate that IL-18 can signal at relatively low (in pg/ml) concentrations when combined with TNF-␣, and these observations are currently being examined. In contrast to IL-18, very few studies quantified serum/plasma levels of soluble EMMPRIN. In one report, serum EMMPRIN levels have been shown to range between almost undetectable to 9 ng/ml (61) . However, EMMPRIN is released into extracellular spaces via shed vesicles (46) , suggesting relatively high levels of EMMPRIN in intercellular spaces that are difficult to quantify. Furthermore, soluble EMMPRIN was previously used between 0.1 to 5 g/ml in vitro in platelets and monocytes (37, 38) . In the present investigation, we did perform dose-response studies (0.5 to 10 g/ml; Fig. 6A ) and found that moderate, but significant, IL-18 induction was detected when SMCs were incubated with 1 g/ml soluble EMMPRIN. However, maximal induction was observed at 5 g/ml. Therefore, EMMPRIN was used at 5 g/ml. We did not, however, detect an enhanced IL-18 secretion (vs. basal levels) when SMCs were incubated with soluble EMMPRIN at concentrations below 1 g/ml (data not shown).
An important observation in the present study is that treatment with resveratrol blocks IL-18 and EMMPRIN expressions, their cross talk, and SMC migration. Resveratrol blocks both IL-18 and EMMPRIN-mediated PI3K3 Akt3 ERK signaling. Though we have demonstrated that resveratrol inhibits PI3K activation, we did not investigate the underlying molecular mechanisms. However, in an elegant study, Fröjdö et al. (18) previously reported that resveratrol targets the class IA PI3K ATP-binding site in a competitive and reversible manner (18) . These authors demonstrated that increasing ATP concentrations diminish the inhibitory action of resveratrol, implying that resveratrol acts as a reversible PI3K inhibitor by competing with ATP for the catalytic site.
Our results also show that resveratrol inhibits IL-18 and EMMPRIN-mediated PI3K-dependent Akt and ERK activation in SMCs. In fact, we have recently demonstrated that resveratrol blocks high glucose-induced PI3K-Akt-ERK-dependent IL-17 expression in cardiac fibroblasts (50) . Resveratrol has also been shown to inhibit PMA-induced p38 and ERK1/2-dependent EMMPRIN expression in a monocytic cell line (22) . Furthermore, resveratrol inhibits angiotensin II-induced ERK phosphorylation in SMCs via the activation of the silent information regulator 2 homolog 1 (SIRT1) (31) . Since IL-18 and EMMPRIN cross talk involves ERK, it is possible that resveratrol might inhibit IL-18 and EMMPRIN expressions via SIRT1 activation.
Our studies also demonstrate that IL-18 stimulates oxidative stress in SMCs, an effect that is significantly inhibited by resveratrol. Similar with resveratrol treatment, the treatment with DPI, an NADPH oxidase inhibitor, attenuated IL-18-mediated oxidative stress and EMMPRIN mRNA expression. These studies suggest that resveratrol may attenuate IL-18 and EMMPRIN expression and their cross-regulation via its antiinflammatory and antioxidant properties. Furthermore, it has been recently demonstrated that the signal-transducing subunit of IL-18, IL-18R␤, physically interacts with the Rho family GTPase Rac-1 (24) . Since Rac-1 is known to play a role in the activation of selective NADPH oxidases and induces oxidative stress (2), we hypothesize that IL-18 also induces EMMPRIN expression via a Rac-1-dependent signaling.
Resveratrol is also known to affect various cell types involved in atherosclerotic lesion development; it inhibits IL-18 and EMMPRIN expression in SMCs, induction and activation of MMPs in SMCs and monocytes, monocyte/macrophage differentiation, foam cell formation, endothelial and platelet activation, and their interaction (1, 3, 12, 13, 37) . Platelets also contribute to plaque initiation and progression and are the key elements in the thromboembolic events that lead to myocardial infarction and stroke. Recently, EMMPRIN has been shown to be a novel receptor on platelets (37) . In that study, the treatment with EMMPRIN induced platelet activation, as evidenced by increased CD40L and P-selectin surface expression (37) .
Furthermore, the coincubation of platelets and monocytes activated NF-B-dependent inflammatory pathways in monocytes via EMMPRIN-EMMPRIN signaling. These authors also demonstrated that the coincubation of platelets and monocytes stimulated EMMPRIN-dependent B-responsive MMP-9, IL-6, and TNF-␣ expression in monocytes (37) . Since we show here that EMMPRIN stimulates IL-18 expression in SMCs via PI3K-Akt-ERK signaling and that IL-18 is a B-responsive cytokine with B-binding sites in both proximal and distal promoter regions (48), we hypothesize that EMMPRIN induces IL-18 transcription via NF-B activation. Further studies are needed to examine this possibility.
In summary, our results show that IL-18 and EMMPRIN regulate each other's expression in SMCs via the activation of PI3K, Akt, and ERK. The coexpression and regulation of IL-18 and EMMPRIN in the vessel wall may amplify the inflammatory cascade and promote atherosclerosis and pathological remodeling. Resveratrol has the potential to inhibit atherogenesis by blocking IL-18/EMMPRIN cross-regulation and SMC migration.
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